Recent progress in the experimental mor-
phology of the development of amphibian pituitary gland is reviewed. A series of transplantation experiments were carried out using wild-type embryos of the toad as a donor and albino embryos as a recipient. Melanin granules in the wild-type cells allowed tracing of the developmental fate of the grafts as a visible cell marker.
These studies have demonstrated that the pituitary gland is not a stomodeal derivative, as it has long been believed to be under the name of "Rathke's pouch". The adenohypophysis is of neural origin. The anterior part of the neural ridge (ANR) in the neuroectoderm of the open neurula gives rise to the whole adenohypophysis, i. e., gars distatis, pars intermedia and pars tuberalis.
The presumptive hypothalamus is apposed caudally to the pituitary primordium.
A part of the ANR contributes neurons to the preoptic hypothalamus even after closure of the neural tube. The anlagen of the olfactory system, which include the nasal epithelia and the olfactory bulbs, are situated on both sides of the pituitary primordium in the neural ridge. In both hypothalamic-hypophyseal and olfactory systems, the peripheral and central parts derive from closely affiliated cell populations, suggesting their clonal relationships. Development of the hypophysis and hypothalamus is interdependent. On one hand, a connection with the embryonic hypothalamus is essential for the pituitary proopiomelanocortin cells to develop. On the other hand, neither the hypothalamic median eminence nor its axonal supply develops without the presence of the pituitary primordium.
Novel aspects of the ontogeny and phylogeny of these organs are discussed with special reference to the role of the neural ridge in the generation of a spectrum of chemoreceptive organs.
All vertebrate species are known to have pituitary glands which are associated functionally as well as morphologically with the brain through the hypothalamus. For over a century, it has been widely accepted that the anterior and intermediate lobes of the pituitary gland (adenohypophysis) have their developmental origin in an extraneural part of the embryo, i. e., the stomodeal ectoderm (RATHKE, 1838) . Of the few authors who have expressed doubts about this, DE BEER (1924) , claimed that the pituitary anlage arises before the appearance of the stomodeum in Amphibia.
After a long blank period, TAKOR and PEARSE (1975) proposed a novel hypothesis for the chick embryo that all the endocrine cells of the adenohypophysis derive from the neuroectoderm, and not from the stomodeum. Although the hypothesis presented by these authors was indirectly supported from a more integrative viewpoint (the concept of a diffuse neuroendocrine system, or the APUD theory; PEAR-SE, 1968 , experimental evidence was not available. PEARSON et al. (1983) postulated by RATHKE and many other authors. However, evidence presented by these authors was far from convincing because it was based on purely morphological observations of normal embryos.
More recently, two groups have presented a series of experimental evidence that the neural primordium gives rise to at least a part of the adenohypophyseal cells: EAGLESON et al. (1986) demonstrated by radiolabeling and transplantation experiments that the cells in the anterior portion of the neural ridge develop into ACTH cells in the anterior hypophysis. Similar results were obtained by COULY and LE DOUARIN (1985, 1987 ) using a quail-chick chimera system to identify the developmental fate of the embryonic transplants.
Although these works presented novel information about the embryonic origin of pituitary cells, the developmental fate of the presumptive pituitary cells was not traced throughout the developmental stages, and more detailed studies were needed for an understanding of the entire course of the formation of hypothalamic-hypophyseal structure. The aim of the present review is not to give an extensive survey of the literature regarding the development of hypophysis and hypothalamus but to present personal insights into the mechanisms of pituitary formation from ontogenetic/phylogenetic viewpoints as revealed by experimental morphological studies using amphibian embryos. Amphibian embryos with visible cell markers offer excellent opportunities to follow the developmental fate of cells after the experimental manipulation of a defined cell population.
Developmental
Origin of the Pituitary Gland
The primordium of the adenohypophysis was determined in the open neurula of an amphibian species to be located in the anterior part of the neural ridge (ANR) in the neuroectoderm (KAWAMURA and KI KUYAMA, 1992) . In this series of study, a small piece of tissue excised from a wild-type embryo of the toad Bufo japonicus was transplanted to the corresponding site of an albino embryo of the same species at the same developmental stage. Abundant melanin granules included in the wild-type cells allowed us to trace the developmental fate of the grafted tissue. The ANR is situated anteriorly close to the rostral end of the neural plate, and consists of three layers: the superficial and inner layers of ectoderm, and a meshlike layer of the endoderm. A transplantation study has demonstrated that the inner layer of the ectoderm dives under the forebrain floor at the time of neural tube-closure and migrates caudally underneath the midline of the forebrain floor. During this movement, the mass of cells is elongated, with the caudal end being attached to the rostral tip of the f oregut. At this time the overall morphology resembles closely the so-called Rathke's pouch (Figs. 1, 4) .
While the bending of the brain stem is not conspicuous in the case of lower vertebrates such as amphibians, it is so remarkable in higher vertebrates that the derivative of the ANR-tissue appears as if it were a real protrusion of the digestive tract wall. After attaching to the foregut, the inner layer of the ANRectoderm fits onto the ventral surface of the presumptive hypothalamus by its rostral end, and finally becomes detached from the f oregut to form the adenohypophysis connected with the inf undibulum of the hypothalamus.
It has been demonstrated by morphological and immunohistochemical observations that the inner layer of the ANR is the exclusive origin of the whole adenohypophysis including the pars distalis, pars intermedia and pars tuberalis (Fig.  2) . The superficial layer of the ANR-ectoderm develops into the upper lip.
Although essentially similar results have been published on the chick embryo (COULY and LE DOUARIN, 1985, 1987) , almost no experimental studies are available as to the developmental origin of the adenohypophysis of mammals prior to the formation of the so-called Rathke's pouch. Experimentation with mammalian species has provided a series of information more about the later differentiation of the pituitary cell types, as reviewed elsewhere (KAWAMURA and KIKUYAMA, 1998b) .
Origin of the Hypothalamus A series of transplantation experiments carried out with toad embryos has revealed the developmental origin of the hypothalamus to be located in the anterior part of the neural plate closely caudal to the adenohypophyseal primordium (Figs. 1, 3, 4) (KAWAMURA and KIKUYAMA, 1992) . Thus the primordia of the hypothalamus and epithelial hypophysis are closely apposed at the open neurula stage. On the assumption that the planar arrangement of the ectodermal cells is not disturbed significantly before the early neurula stage, this spatial relationship implies that both the central and peripheral parts of the hypothalamic-hypophyseal system have close clonal relationships.
These results show that the presumptive hypothalamic and hypophyseal cells that are destined to establish structural as well as functional relationships as a center of the endocrine system constitute a closely affiliated cell population from the initial phase of organogenesis. The pituitary primordium undergoes a neural crest-like movement.
Morphogenesis of Hyphothalamus and Hypophysis 191
It becomes dissociated from the neuroectoderm/ hypothalamic primordium, migrates caudally to take the shape of the Rathke's pouch, and finally reassociates with the hypothalamus.
In the course of pituitary morphogenesis, two phenomena attract special attention. One is that, along the route of morphogenetic movement, a part of the ANR is incorporated through the forebrain floor to the preoptic region of hypothalamus and develops into the neural tissue. This phenomenon is observed even if the ANR tissue is transplanted beneath the forebrain floor after the completion of neural tube closure (KAWAMURA and KIKUYAMA, 1998a) . There is a possibility that the incorporated cells project their axons to the hypophysis later in development.
Although this hypothesis should be tested, these results indicate that the primordium of the hypothalamo-hypophyseal system constitutes a single entity from the primary stage of histogenesis. The fact that they are closely associated at the earliest stages of neurogenesis suggests that they are clonally related.
Another point to be noted is that, although the classical view on the stomodeal origin of the adenohypophysis was disproved by the above-mentioned results, it is nonetheless true that the pituitary primordium (ANR) is temporarily associated with the foregut before connecting with the hypothalamus. The embryological significance of this phenomenon will be discussed in section 5.
Role of the Hypothalamic Primordium in the Development of Pituitary Cells
The close association of the hypothalamic and hypophyseal primordia suggests the existence of cellular communication between the two entities during development. It has long been disputed whether or not the differentiation of the intermediate lobe of the pituitary gland is dependent on the developing brain. Experimental approaches have been carried out mainly on amphibian embryos. According to ETKIN (1958) , the pituitary anlage in the Hyla develops into the anterior and intermediate lobes when it is transplanted to ectopic sites such as the tail rudiment. On the other hand, other groups have claimed that the ectopic pituitary anlage differentiates into the anterior pituitary cells but not into the intermediate lobe cells (BLOUNT, 1945; BURCH, 1946; EAKIN, 1950 EAKIN, , 1956 DRISCOLL and EAKIN, 1955; THURMOND and EAKIN, 1959) . The latter authors argued that contact with the neural rudiment is necessary for the differentiation of the intermediate lobe, while the anterior pituitary gland differentiates independently of the neural rudiment.
This lengthy argument was settled by experimentally isolating the pituitary primordium from the brain rudiments at an early developmental stage (open neurula), before the initiation of morphological contact with the infundibulum. When the central portion of the anterior neural plate (primordium of the posterior hypothalamus, Fig. 1b) is removed from the open neurulae, the infundibulum does not develop, and the adenohypophysis develops without connection with the hypothalamus. In some cases the adenohypophysis forms in the cranial cartilage or even outside the cranium (HANAOKA, 1967; KAWAMURA and KIKUYAMA, 1995) . In animals where the adenohypophysis develops without connection with the hypothalamus, not only the intermediate lobe but also ACTH cells in the anterior lobe fail to differentiate, indicating that contact with the hypothalamus 
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In rats, it has been demonstrated by WATANABE (1982) that the ACTH cells are first determined near the diencephalic floor and are subsequently translocated to the more ventral part of the anterior pituitary gland. He also concluded that this fact indicates an inductive role for the brain rudiment. In avian embryos, FERRAND et al. (1974) demonstrated that Rathke's pouch taken from 4-5 day old chick embryos without a surrounding mesenchyme is not capable of generating MSH/ACTH cells when transplanted into chick chorio-allantoic membrane, whereas the corresponding tissue from older embryos (6.5 days) is able to develop into these cells when grafted with the mesenchyme attached. These authors concluded that a cellular contribution from the surrounding mesenchyme, rather than induction by the hypothalamus, is necessary for the differentiation of MSH/ ACTH cells. This does not appear to be the case at least in Bufo embryos, because MSH/ACTH cells have their developmental origin not in the mesenchyme but in the ANR as mentioned in the first section. In contrast to the amphibian Bufo embryos, in the case of chick embryos, there is no evidence that the ANR is the exclusive origin of the adenohypophysis (COULY and LE DOUARIN, 1985, 1987) . Accordingly, the possibility cannot be ruled out that there might be a cellular contribution from the surrounding mesenchyme to the developing pituitary.
In any case, neither the nature nor the precise origin of the inductive influence has been determined to date. A specific gene, Pit-1 is known to be responsible for the development of PRL, GH and a part of TSH cells, and the concommitant activation of hormonal genes (INGRAHAM et al., 1988) . However, no such factors have been reported so far in the case of MSH/ACTH cells. The fact that the development of MSH and ACTH cells is dependent on the same principle may support a hypothesis that these two cell types are the progeny of intimately related cells (presumably a single cell). The common precursor cells of the pituitary POMC cells in the ANR are thought to receive still-undefined signal(s) from the hypothalamic primordium before differentiating into MSH and ACTH cells. This is supported by the finding that not only the pars intermtedia cells but also the ACTH cells in the pars distalis are localized in the vicinity of the connection with the posterior hypothalamus during normal development. The inductive signal(s) are estimated to be transferred to the presumptive MSH/ACTH cells before the tailbud stage, because the primordial pituitary cells can differentiate into MSH cells when they are transplanted to the embryonic tail region at this stage (KIKUYAMA et al., 1993) .
At present, it is not known whether the POMCneurons in the anterior hypothalamus differentiate when the infundibular primordium is lost. In this connection, it is noteworthy that a portion of the cell mass of the anterior neural ridge (ANR)-origin is incorporated into the preoptic area of the hypothalmus during the caudal migration of the pituitary primordium as mentioned in the preceding section (KAWAMURA and KIKUYAMA, 1992) . The presumptive POMC cells in the anterior hypothalamus are most likely included among these cells. It seems that not only the differentiation of the ACTH and MSH cells but also the multiplication of other types of epithelial pituitary cells is dependent on the brain rudiments, and that the dependency is not uniform throughout the different cell types (KAWAMURA and KIKUYAMA, 1993) . There are several reports which postulate the existence of a stimulatory effect of the diencephalic primordium upon the multiplication of embryonic pituitary cells (KERB, 1946; DAIKOKU et al., 1982; WATANABE, 1984; IKEDA and YOSHIMOTO, 1991; SHIR-AI and WATANABE, 1992) .
Role of the Pituitary Primordium in the Development of Median Eminence and Its Axonal Supply
Based on the series of experiments described above, it has become evident that tissue interaction between the hypothalamus and hypophysis plays an essential role in the differentiation of pituitary cells. This interaction is bidirectional in that the pituitary primordium is needed for the development of the median eminence of the hypothalamus, and at the same time the hypothalamic primordium is essential for the development of pituitary cells. If the pituitary primordium is removed before the establishment of its connection with the hypothalamus, the median eminence does not develop, whereas other parts of the infundibulum and the posterior lobe of the pituitary gland appear to develop normally.
Immunohisochemical observation of the infundibulum reveals that AVP-(AVT-) positive and CRFpositive reaction products pile up on the ventral side of infundibulum at about one third the distance from the posterior end of the infundibulum (KAWAMURA and KIKUYAMA, 1993) . This implies that the extension of the nerve axons, which should normally reach the median emincnce, discontinues along the way. Since the median eminence shares a common embryonic origin with the posterior hypothalamus, and not with the adenohypophysis (KAWAMURA and KIKUYAMA, 1992) median eminence directly. It seems that the hypophyseal anlage seems to exert an inductive influence upon the development of the median eminence. The absence of the adenohypophysis causes-either directly or indirectly (through the impairment of the development of median eminence) the stoppage of the extension of the axons transporting hypophysiotropic factors.
Similar results have been reported by ETKIN et al. (1966) using classical histochemical methods. These authors observed a discrete pile-up of aldehydefuchsin-positive materials in the infundibulum at a similar site of the infundibulum in hypophysectomized Bitfo americanrus tadpoles after thyroxine treatment. In these animals, aldehyde fuchsin-positive neurohypophysis developed normally. A connection between the hypothalamus and hypophysis is needed for the development of the median eminence, and presence of the target tissue (median eminence) is essential for the axons to find their final approach.
Developmental Significance of the Formation of So-called Rathke's Pouch
Although a stomodeal origin for the adenohypophysis has been disproved at least in amphibians and birds, it is still true in all the vertebrates that the pituitary primordium attaches temporarily to the rostra] end of the foregut to assume the shape of the so-called Rathke's pouch. The significance of this universal and at the same time deceptive phenomenon has been suggested by two experimental approaches: isolation of the pituitary primordium from the foregut by a plastic membrane (KAWAMURA and KIKUVAMA, 1996b) , and ectopic transplantation of the primordium with or without the foregut tissue (FURUYA et al., 1997) . Both results showed that contact with the foregut endoderm is indispensable for the formation of the epithelial pituitary gland, suggesting the existence of an inductive influence from the foregut tissue. At present it is not clear what kind of interaction occurs between the two embryonic tissues.
Developmental
Origin of the Olfactory System
The same experimental strategy as that used for the identification of the pituitary primordium of Bitfo was adopted in the study of the olfactory system, and it was revealed that the primordia of the primary olfactory neurons reside in the antero-lateral parts of the neural ridge situated on both sides of ANR (KAVAMURA and KIKUYAIA, 1996a) . As in the case of the presumptive pituitary cells, the anlagen of the olfactory epithelium are localized in the inner layer of the neural-ridge ectoderm.
The superficial layer of this region retracts from the olfactory pits to expose the inner layer to the atmosphere at the time of the opening of the nostils.
Most importantly, the olfactory primordia give rise not only to the nasal epithelia but also to the neurons in the olfactory bulbs (Fig. 4) . The situation is quite similar to that observed in the hypothalamic-hypophyseal system in that both peripheral and central parts of the system derive from closely affiliated cells in the neural ridge. After closure of the neural tube, the presumptive olfactory tissue is stretched along the body axis to form the nasal epithelia and the olfactory bulbs. After this stretching, the peripherally settled cells differentiate into the primary olfactory neurons, and the centrally situated cells into the secondary olfactory neurons and probably into the terminal neurons. In recent years, evidence has accumulated indicating that GnRH neurons in the vertebrate hypothalamus arise as a result of the migration of progenitor cells from the embryonic olfactory placodes (for example, SCHWANZEL-FUKUDA and PFAFF, 1989; HAVES et al., 1994; for review, TAROZZO et al., 1995) . This concept is based mainly on observations that immunoreactive or in situ positive GnRH cells appear sequentially in the olfactory placodes, along the olfactory nerves, and in the anterior hypothalamus. Another line of evidence has come from experimental manipulation of the newt embryos (MURA-KAMI et al., 1992) . In this species, GnRH neurons first become detectable in the olfactory epithelium during the prometamorphic period, subsequently along the olfactory nerves, and finally in the anterior hypothalamus at the metamorphic climax. If the olfactory placode on one side of the tail-bud embryos of this species is extirpated (the primordia of the olfactory placodes and the telencephalon are expected to be already segregated at this stage), no GnRH cells develop on the manipulated side. This can be taken as direct evidence that the GnRH neurons originate in the olfactory placodes before migrating into the anterior hypothalamus and settling in their final position.
GnRH neurons are believed to have a unique developmental origin in that they originate outside of the presumptive brain stem. However, as described in the preceeding sections, we have another example of this kind. Some of the preoptic neurons originate in the ANR and take an extracerebral pathway before reaching the hypothalamus KIKU-YAMA, 1992, 1998a) . It seems to be a general phenomenon that some of the cells of neural ridge origin are incorporated into the brain after neural tube formation. The nature of these hypothalamic neurons should be determined (Fig. 5 ).
Immunochemical Study
Different kinds of approaches are available for understanding the molecular basis of the development of the hypophysis. Very recently, several homeoboxcontaining genes have been found to be specifically expressed in the developing pituitary gland and related rudiments. They were discovered by the differential screening of the cDNA libraries of the neural plate and neural ridge (ANF, MATHERS et al., 1995) or by a PCR-based search of cDNAs containing specific domains (Lim-3, TAIRA et al., 1993; Rpx, HERMESZ et al., 1996) . Since a detailed description of these and other genes will be the subject of another review (KAWAMURA and KIKUYAMA, 1998b) , the present account will be limited to the antibody recently raised by the authors' group.
Monoclonal antibodies were produced using the toad pituitary primordium as an immunogen. Histological screening of the toad embryos resulted in the cloning of hybridoma producing an antibody specific to the pituitary gland, olfactory system, taste buds and lateral line organs (OSHIMA et al., 1997) . The antibody seems to be specific to a group of paraneuronal cells (FUJITA et al., 1988) . Among them, the crossreactivity in the pituitary primordium appears as early as the migration phase of ANR, well before the initiation of hormone-production.
Since the pattern of distribution of the crossreactivity is quite different from known substances, the antigen is expected to be a novel substance. Isolation and identification of the antigenic substance are awaited.
Phylogenetic Consideration
The neural ridge is the source of a variety of receptive organs such as the eyes, nose, ears and epiphysis, It does not seem to be irrational to categorize the pituitary gland and the olfactory system as members of chemoreceptive organs, at least in their ancient forms. In primitive aquatic chordates such as lampreys Petromyzon., the nasal primordium is known to be localized in close proximity to the pituitary primordium until both organs become segregated by extreme hypertrophy of the upper lip which separates eventually the two organs (PARKER and HASWELL, 1951) , In the same species, a novel protein "nasohypophyseal factor" has been reported to be shared by the olfactory organs and hypophysis during development (SOWER et al., 1995) . Close affiliation of the two primordia seems to be a general phenomenon observed in every chordates. Both organs function as chemoreceptors which respond to the internal or external milieus by sending signals to other parts of the animal. Spatial and possible clonal relationships between the two entities as well as the recently discovered antigenicity suggest a hypothesis that they have evolved from a common ancestral organ.
Developmental study of a tunicate species revealed a comparable situation with regard to the generation of different kinds of paraneuronal cells, where the (BURIGHEL et al., 1998 ). An equivalent of the adenohypophyseal cells might exist in the neuroectodermal derivatives in protochordates. TERAKADO et al. (1997) performed electron microscopic studies of the ascidian (Halocynthia roretzi) neural complex (neural gland-dorsal strandcerebral ganglion) that derives from the embryonic neural tube, with special attention to the secretory systems. These authors found that the neural cells in the cerebral ganglion and the cells scattered along the dorsal strand contain electron-dense granules of variable size. Immunoelectron microscopic studies using an antiserum to bullfrog PRL revealed that the secretory granules of some of these granulated cells in the two loci contain PRL-like substance. Although these cells do not form a solid cell mass as the vertebrate pituitaries, they might be the candidates for the phylogenetic progenitors of vertebrate adenohypophyseal cells. Recently, POWELL et al, (1996) found that the neuronal cells surrounding the dorsal strand of the tunicate Chelyosoma productum contains GnRH-like peptides. Taken together, it is highly possible that a primitive form of hypothalamohypophyseal system exists in ascidians. POLZONETTI-MAGNI: Cellular communication in reproduction. Soc. Endocrinol., Bristol, 1993 (p. 5-10) .
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